Abstract: A simple optoelectronic regenerator for differential quadrature phase-shift keying (QPSK) signals is demonstrated. The regenerator consists of two parallel delay interferometers followed by balanced detectors, limiting and driving amplifiers, and a dual-parallel Mach-Zehnder modulator that regenerates noise-suppressed optical QPSK signals. We experimentally show that the regenerator improves the receiver sensitivity by about 8 dB at an input optical signal-to-noise ratio (OSNR) of 19 dB at a signal speed of 10 Gbaud. Numerical simulation is conducted for higher speed operation at 56 Gbaud to study the impact of the bandwidth of electrical circuits inside the regenerator on the regenerator performance. Electrical power consumption of the regenerator is assessed, and it is shown that the optoelectronic regenerator consumes a similar amount of electrical power as that consumed by an all-optical version of the regenerator using semiconductor optical amplifiers as a nonlinear element.
Introduction
In optically amplified fiber-optic transmission systems, optical signal-to-noise ratio (OSNR) decreases in inverse proportion to transmission distance or the number of amplifiers inserted in the system. Successful data reception requires a certain amount of OSNR that is determined by the modulation format and data rate used. For longer-distance transmission beyond this limit set by the OSNR, signal regeneration is needed that resets noise and distortion accumulation. For multilevel-modulation-format signals that enable spectrally efficient data transmission, OSNR requirements are more severe necessitating more frequent use of signal regenerators. Simple and implementable regenerators that can suppress noise both in amplitude and phase of the advanced-modulation-format signals are highly desired. Theoretical studies exploring fundamental benefits of using multilevel signal regenerators have been reported [1] , [2] .
Recently, several experimental studies have been reported on all-optical regeneration of quadrature phase-shift keying (QPSK) and differential QPSK (DQPSK) signals. Phase squeezing at four different phase levels of QPSK signals using a fiber-based phase sensitive amplifier (PSA) was demonstrated in [3] . Alleviation of an unfavorable feature of phase-to-amplitude noise conversion in the PSA approach was demonstrated in [4] . Similar phase squeezing of QPSK signals using cascaded second-order periodically-polled lithium niobate (PPLN) waveguides was reported in [5] . In [6] , coherent demodulation of a QPSK signal to a pair of complementary OOK signals that are then used to drive two semiconductor-optical-amplifier-(SOA)-based wavelength converters was reported. In [7] , differential instead of coherent demodulation was used to convert DQPSK to OOK signals by which wavelength conversion operation was demonstrated. All-optical phase and/or amplitude regeneration of star-8 quadrature amplitude modulation (QAM) signals was experimentally attempted in [8] and [9] . In these all-optical approaches, optical nonlinearities in fibers, SOAs, or PPLN waveguides are used to have amplitude and/or phase discrimination and stabilization functions.
These nonlinear functions are also available in devices such as electro-optic Mach-Zehnder modulators (MZMs) and electro-absorption modulators (EAMs), in which electrical signals control lights with well-defined nonlinear transfer functions and with high extinction ratios [10] - [12] . If the symbol rate is within a few tens of gigabaud, the analog opto-electronic approach, where the optical signal is detected and the detected electrical signal drives a MZM or an EAM inside the regenerator is another candidate for a compact and efficient signal regenerator. Such an opto-electro-optic (OEO) approach was also employed in constructing an optical spectral inverter [13] - [15] that, when it is inserted in the mid point in a transmission system, can suppress signal distortion caused by the self phase modulation as well as the group velocity dispersion in the transmission fiber. In this application to the spectral inverter, complex amplitude of the signal is linearly intradyne-detected and the detected electrical signals modulate a local light with a dual-parallel (DP) MZM (I/Q modulator) in [13] and [14] or with a MZM in [15] , respectively.
In this paper, we demonstrate a simple opto-electronic DQPSK regenerator where the input DQPSK signal is optically delay-detected and the detected electric signals directly drive the DP MZM after limiting amplification to regenerate noise-suppressed optical QPSK signal [16] . Because the differential phase between adjacent symbols in the input signal is regenerated and translated to the absolute phase of the pulses in the output signal, this regenerator may be named a "regenerating DQPSK-to-QPSK format converter." The use of electrical limiting amplifiers [17] in addition to the nonlinear transfer properties of the MZMs greatly suppresses the noise. Strong reshaping of DQPSK signals with an improvement of receiver sensitivity up to 8 dB depending on the OSNR of the input signal is reported at a speed of 10 Gbaud. The impact of the bandwidth of the radio frequency (RF) circuits, including the photodiodes and the limiting amplifiers, on the performance is numerically investigated. Electrical power consumption of the OEO regenerator and that of the all-optical version of the regenerator using SOAs are also assessed and compared [18] . driven by two 10 Gb/s data one of which is a 27-bit-delayed inverted copy of the other, and a MZM pulse carver for generating 50% duty-cycle return-to-zero (RZ)-DQPSK signal. PN11 PRBS and 128-bit De Bruijn sequence are used as the data pattern for the measurements of waveforms and bit error rates (BERs), respectively. After bandwidth-limited (∼1 nm) amplified spontaneous emission (ASE) noise is added to the signal, the 10 Gbaud DQPSK signal is launched into the regenerator.
Experiment of DQPSK Signal Regeneration

Experimental Setup
In the regenerator the signal is demodulated and detected by a pair of delay interferometers (DIs) followed by balanced detectors. The resulting bipolar electrical signals drive a dual-parallel (DP) MZM after being amplified by transimpedance/limiting and driver amplifiers. The output optical signal is carved into RZ pulses by another MZM driven by a clock extracted from the input signal before demodulation by the DIs. Noise suppression of the signal in this regenerator is provided by amplitude equalization by the limiting amplifiers and the sinusoidal transfer response of the MZM [10] , [19] . The noise reduction by the MZM is effective for relatively small range of input fluctuations near the flat portions of the sinusoidal transfer response. The electrical limiting amplifiers suppress symbol-to-symbol amplitude fluctuations, which greatly enhances the range of noise suppressed by the regenerator [20] . The DQPSK receiver consists of a preamplifier, a DI, and a balanced detector. The phase difference between the two arms of the DI is switched between AE=4 with which I and Q channel data are read out separately.
It is noted that in this regenerator differential phase of the input QPSK symbols is mapped to absolute phase of the output symbols. To recover the data pattern alteration by the regenerator, precoding or decoding operation should be performed at the transmitter or the receiver. Fig. 2(a) is the usual DQPSK transmission system without the in-line regenerator. A precoder is placed before the transmitter modulator to have a direct mapping of data from the input to the output of the system. The logic transition rules of the serial precoder are [21] q n ¼ a n b n q nÀ1 þ " a n b n "
When the regenerator discussed in this paper is inserted, an additional precoding operation should be performed as shown in Fig. 2(b) . Since the data pattern alteration by the regenerator is the same as that by the differential DQPSK receiver, the logic operation of the additional precoder from ðq n ; p n Þ to ðq 0 n ; p 0 n Þ is the same as that from ða n ; b n Þ to ðq n ; p n Þ given by (1a) and (1b). When more than one regenerators are inserted in the system, the same number of additional precoders as the number of the regenerators are needed. It is noted that each precoder can be replaced by a decoder after detection in the receiver [22] . In the BER measurement in the experiment in this paper, neither precoders nor decoders are used, but the errors are counted by comparing the received data with pre-calculated expected data stored in the error detector. 
Experimental Results
Fig. 3(a)
shows BER performance of the signals before and after the regenerator. Measurements are made for three cases of noise loading: no intentional ASE is added (crosses), ASE is added so that OSNR defined at noise bandwidth of 0.1 nm is 23.9 dB (triangles), and OSNR of 19.8 dB (circles). We can see that while BER is gradually degraded as the amount of input noise is increased for signals before regeneration, BER performance is almost unchanged for signals after regeneration. This indicates that the regenerator has strong ability of reshaping the DQPSK signals. Fig. 3 À9 ) versus input OSNR. After the regenerator, the sensitivity is almost constant for OSNR larger than about 18 dB, again showing strong reshaping by the regenerator. At input OSNR of 19 dB, the sensitivity improvement is about 8 dB. For OSNR smaller than 18 dB, sensitivity is sharply degraded because the error floor rises above BER ¼ 10 À9 . The regenerated, amplitude-noise suppressed, DQPSK signal has better nonlinear tolerance in subsequent transmission because of reduced phase-noise generation induced by the amplitude noise. We transmitted unregenerated and regenerated DQPSK signals over 40 km of a densely dispersion-managed fiber, which consists of alternating normal-and anomalous-dispersion non-zero dispersion-shifted fiber sections [23] . Fig. 6 shows the BER after transmission versus the signal power launched into the transmission fiber. The OSNR at the input of the regenerator is 19.8 dB. It is seen that the DQPSK signal power can be increased by about 3 dB by the regeneration at a BER of 10 À9 .
Numerical Analysis of the Performance
Reshaping Performance of the Regenerator
Principle of the signal reshaping in the proposed OEO regenerator is rather simple. One concern regarding the regenerator performance is the effect of insufficient bandwidth of the RF electric circuits. Here we numerically study the impact of the electrical bandwidth on the quality of regenerated signals.
In the numerical model, the limiting and driver amplifiers in the regenerator are treated as a bipolar nonlinear amplifier having an ideal anti-symmetric step transfer function followed by a Bessel-Thomson low-pass filter. Quantum efficiency of the balanced detectors is assumed to be 100%. Amplifier transimpedance gain is set at the value with which the output voltage is matched with V of the DP MZM in the regenerator. The equivalent input noise current of the amplifier is assumed to be 30 pA/Hz 1/2 in the following simulation. Averaged optical power of the signal launched to the regenerator is 0.5 mW. Fig. 7 shows error vector magnitudes (EVMs) of QPSK signals before and after the regenerator versus input OSNR. Symbol rate is 56 Gbaud, which assumes 100 Gb/s transmission speed. Sampling phase in the detection of symbols is adjusted so that the EVM and symbol error rate (SER) are minimized. The EVM is defined as variance of the complex amplitude fluctuation divided by the square of average signal amplitude. Number of symbols processed is 65 536. The numerically evaluated EVM of the input signal, shown in a dashed curve in Fig. 7 , agrees well with that calculated from the theoretical formula EVM theory ¼ r B=ð2 Á OSNR Á 12:5 GHzÞ (2) where r and B are duty ratio of the RZ signal pulses and noise bandwidth, respectively. r and B are 0.5 and 112 GHz (twice the symbol rate), respectively, in this simulation. EVMs of output signals are shown in solid curves in Fig. 7 for different cutoff frequencies f c of the electrical circuits in the regenerator. Improvement of EVM larger than 5 dB is obtained at input OSNR larger than 15 dB even for f c as small as 40% of the symbol rate (22.4 GHz). Fig. 8(a) -(c) are constellation diagrams of the input QPSK signal, differentially detected currents in the two detection paths, and the output QPSK signal, respectively, at an input OSNR of 17 dB. Cutoff frequency of the electrical circuits f c is 22.4 GHz. It is noted that the differentially detected currents (see Fig. 8(b) ) have larger relative noise than the input signal (see Fig. 8(a) ), which indicates that the regenerator itself causes additional symbol errors. The constellation of the regenerated signal, Fig. 8(c) , is bound in a rectangular because of the sinusoidal response of the two push-pull MZMs constituting the DP MZM in the regenerator. Fig. 9(a)-(c) show eye diagrams of electrical signals (a) just after the balanced detector, (b) after the limiting amplifier before bandwidth limitation, and (c) after bandwidth limitation, respectively, in one of the detection paths. Fig. 9(b) shows that the noise in the detected current is translated to timing jitter by the limiting amplifier. The strong bandwidth limitation in the electrical circuits then degrades eye opening as shown in Fig. 9(c) . The degraded eye is partially recovered by the response of the MZM, as shown by the constellation diagram of the output signal; see Fig. 8 (c).
SER Performance of Regenerated Transmission Systems
The regenerator itself cannot improve SER, rather generating extra errors in the process of regeneration. However, reshaped signals can be transmitted further in subsequent links with accumulation of signal degradation reset each time the signals are regenerated. Here we calculate SER in a system where regenerators are equidistantly located. As impairments to the signal in the links between regenerators, we consider addition of ASE in this section. The amount of noise is quantified by the span OSNR that considers total noise introduced in the link between regenerators defined at noise bandwidth of 0.1 nm (12.5 GHz). When the link between the two successive regenerators is composed of N amplifier spans each containing a lumped amplifier of gain G and spontaneous emission factor n sp , the span OSNR is expressed as
where P sig and h are average signal power and photon energy, respectively. Fig. 10(a) shows SERs versus the number of regenerator spans N R for OSNR span of 17 dB. The total number of amplifier spans of the system is NN R . OSNR span of 17 dB corresponds to N ¼ 12 when the signal power P sig , noise figure of the amplifier, and the amplifier gain G are 0.5 mW, 5 dB, and 22 dB, respectively. The phase data pattern of the signal changes every time the signal is regenerated. Symbol errors are counted by directly comparing the received phase data and the calculated expected data. This means that not differential but ideal coherent detection is assumed at the receiver. When regenerators are not inserted, the system is a coherent QPSK transmission system. Staircase-like solid thick curves in Fig. 8(a) show SERs when regenerators are used with different bandwidths of the electrical circuits inside the regenerator ðf c ¼ 28 $ 56 GHzÞ. At each N R , two SER values are plotted before and after the regenerator. Thin solid curve shows numerically evaluated SER when regenerators are not used. The SER without the use of regenerators agrees well with that predicted by the theoretical formula
where erfcðÞ represents the complementary error function. Fig. 10(a) shows that SERs significantly depend on the electrical bandwidth. Occurrence of errors at narrow electrical bandwidths is due to shrunk eye opening of the electrical signals driving the DP MZM, as shown in Fig. 9(c) . At this span OSNR value of 17 dB, the regenerator can extend transmission distance from two to three regenerator spans, or, 2N to 3N amplifier spans, assuming SER threshold of 10 À3 . Wide electrical bandwidth, f c ¼ 56 GHz, comparable to the symbol rate, however, is required.
When OSNR span is larger, that is, regeneration is applied while the noise accumulation is less significant, larger benefits are gained by the regenerators. Fig. 10(b) shows SERs versus N R at OSNR span of 20 dB. Transmission distance can be more than doubled from four to 11 regenerator spans by the regenerators with bandwidth of 42 GHz or 75% of the symbol rate.
WDM Transmission Simulation
In practical wavelength-division multiplexed (WDM) systems, signals are impaired not only by the additive amplifier noise considered in the previous section but by distortions caused by intraand inter-channel nonlinearities in the transmission fibers as well. This section reports simulations of the regenerator performance in WDM systems. The link between the regenerators consists of a dispersion pre-compensation fiber, five dispersion-managed amplifier spans, and a posttransmission dispersion compensating fiber [24] . Each amplifier span is made up of an 80-km nonzero-dispersion-shifted fiber with dispersion and loss of 4.5 ps/nm/km and 0.22 dB/km, respectively, a dispersion compensating fiber, and an optical amplifier whose noise figure is 5 dB. Since the temporal overlaps between adjacent symbols should be avoided when the signals are launched into the regenerator, dispersion compensation should be performed in front of the regenerator. Although some tolerance is expected [25] , the residual dispersion is 100% compensated at the entrance of each regenerator in this simulation. The nonlinearity of the transmission fiber is 1.5/W/km while the nonlinearity and loss of the dispersion compensating fibers are neglected. Five channels spaced by 150 GHz are transmitted and the SER performance of the central channel is evaluated. At the regenerator the WDM channels are demultiplexed by a filter having fourth-order super-Gaussian transmittance at each channel, regenerated independently by the OEO regenerator, and then recombined. The electrical bandwidth of the regenerator is 33.6 GHz. Polarization-mode dispersion in the transmission fiber is not considered. Fig. 11 shows SERs after transmission of 10 and 15 regenerator spans (after 4000 and 6000 km transmission distances, respectively) versus per-channel signal power launched to the transmission fiber. Thin dashed and solid curves are SERs for single-channel transmission without and with using the regenerator for the system where the signals are impaired only by the additive amplifier noise with the nonlinearity of the transmission fibers turned off. For the numerical parameters used in the simulation, the regenerator span OSNR defined by (3) is 23.4 dB at a signal power P sig of −5 dBm, for example.
When the nonlinearity is turned on in the WDM transmission, the signal quality without using the regenerators degrades significantly as shown in thick dashed curves in Fig. 11 . Optimum signal power is about −4 dBm. When the regenerators are inserted every five amplifier spans, the nonlinearity-induced signal distortion is recovered to some extent so that the optimum signal power is increased to about 0 ∼ 2 dBm. The SER at 4000 km with using the regenerators is about 1 Â 10 À3 , about an order of magnitude better than the minimum SER without using the regenerators at the same distance. Constellation diagrams of the central channel at 4000 km are shown in Fig. 12 . Fig. 12(a) and (b) are those when the regenerators are not used while Fig. 12(c) is that when the regenerators are used. Signal powers P sig 's are chosen to be −4 dBm and 0 dBm for (a) and (c), respectively, at which minimum SERs are obtained for the respective cases without and with using the regenerators. After the long-distance transmission without reshaping by the regenerators, the signal-point distribution around the original QPSK points deforms from the circular shape because of the transmission fiber nonlinearity, as shown in Fig. 12(a) and (b) . The squeezed signal point distributions in Fig. 12(c) show strong reshaping performance of the regenerator. Fig. 11 . Symbol error rates versus signal power with (solid curves) and without (dashed curves) using the regenerators. Thin curves are for single-channel transmission where the transmission fiber nonlinearity is turned off. Open circles and solid squares indicate transmission distances of 4000 and 6000 km, respectively. 
Electrical Power Consumption by the Regenerator
All-Optical DQPSK Regenerator
An incoherent (D)QPSK signal regenerator similar to that studied in the previous sections can be constructed without using OEO conversion [7] . Such an all-optical regenerator that uses SOAs as nonlinear elements is shown in Fig. 13 . All-optical regenerators using optically controlled nonlinear elements for signal processing has a potential of higher-speed operation than the OEO regenerators. The nonlinearity of the transfer functions in the all-optical regenerators, however, is usually not as steep as that observed in the OEO regenerators, as discussed in the Introduction. In this section, electrical power consumptions of the all-optical and OEO incoherent DQPSK regenerators are assessed and compared [26] .
In the all-optical regenerator shown in Fig. 13 , the input DQPSK signal is first demodulated to amplitude modulated signals that are subsequently injected into the SOAs located in the four arms of the nested MZM. The injected optical signals induce phase shifts to the probe lights resulting in a regenerated pattern-altered optical QPSK signal at the output of the nested MZM. The power of the input DQPSK signal must be large enough so that it generates proper phase shifts in the SOAs. Here we denote the power of the DQPSK signal input to the DIs as P in . The control signal power injected to each SOA after demodulation is either
Þ=8 ¼ 0:073P in depending on the phase difference between the adjacent DQPSK symbols. The difference in the induced optical phase of the probe lights in the two arms of the child MZM in the nested MZM is AEÁ, where
, L, and gðPÞ are the linewidth enhancement factor, the SOA length, and the gain coefficient gðPÞ ¼ g 0 =ð1 þ P=P s Þ, respectively. g 0 and P s are the small-signal gain and saturation power. The required signal power P in is determined by Á ¼ . To obtain a closed-form expression for P in , we approximate P L in (5) by zero, which slightly overestimates the required power P in . P in is then given by
The gain coefficient g 0 is expressed in terms of the injection current I to the SOA, the confinement factor À, the linear gain coefficient a, the carrier density at transparency N 0 , and the current at transparency I 0 as g 0 ¼ ÀaN 0 ðI=I 0 À 1Þ. The required signal power is therefore given by Fig. 13 . All-optical incoherent DQPSK regenerator using SOAs as optically-controlled phase modulators.
The consumed electrical power by the all-optical DQPSK regenerator shown in Fig. 13 is given approximately by
where the first, second, and third terms are the power consumption of the optical amplifier that boosts the input signal power to P in , the power supplied to the four SOAs in the regenerator, and the power supplied to the laser light source, respectively. and V b are the power efficiency of the optical amplifier and the direct-current voltage applied to the SOAs, respectively. It is noted that there exists a current I ¼ I opt that minimizes P T ðIÞ. I opt is given by dP T =dI ¼ 0 and is expressed as
The input signal power when I ¼ I opt is then
In (9) and (10), I 0 and P s are given by I 0 ¼ qVN 0 = c and P s ¼ hS a =ðÀa c Þ, where q, V , c , and S a are the electron charge ð1:6 Â 10 À19 CÞ, active region volume, carrier lifetime, and active region cross section, respectively. When we use numerical values
5 ns, and S a ¼ 1 m 2 , I opt and P in ðI opt Þ are calculated to be 0.54 A and 0.20 W, respectively. The consumed power P T ðI opt Þ is then 3.2 W, where the contributions from the three terms in (8) in order are 0.98 W, 2.17 W, and 0.06 W, where the laser current and voltage are assumed to be 30 mA and 2 V, respectively. It is noted that the above calculation assumes the carrier lifetime of 0.5 ns and that the P T ðI opt Þ is inversely proportional to the carrier lifetime. For the operation speeds of more than a few tens of gigasymbols per second, larger power consumption will be anticipated.
OEO DQPSK Regenerator
In the OEO DQPSK signal regenerator shown in Fig. 1 , the demodulated optical signals are detected and the electrical signals drive the dual-parallel MZM after being amplified by the transimpedance/limiting amplifiers (TIA/LAs) and driver amplifiers. The TIA/LAs usually have large gain so that the optical signal power before detection can be low [18] . High-power optical amplifiers are not needed in the signal path. The electrical amplifiers then dominate the power consumption of the OEO regenerator. Typical TIAs and driver amplifiers for traveling-wave modulators consume energies of a few to a few tens of pico-joules/bit at operation speeds around 40 G bit/s [18] . Examples of the estimated power consumption of the TIA/LA and the driver amplifier at a symbol rate of ∼56 Gsymbols/s are P TIA=LA ¼ 0:59 W and P driver ¼ 0:7 W, respectively. In the estimation of P TIA=LA , the energy per symbol is assumed to be the same as that reported in [27] . The driver power P dirver is that of a commercial broadband (65 GHz) amplifier with maximum output voltage of 4 V pp [28] . The estimated power consumption of the OEO DQPSK regenerator is then
where it is assumed that dual-drive MZMs are used in the nested MZM because dual-drive MZMs in general require modulation voltages lower than single-drive MZMs so that the total power consumed by the driver amplifiers can be lowered although four instead of two driver amplifiers are required. P laser ð$ 0:06 WÞ contributes little to the total power consumption.
Discussion About the Power Consumption of the Regenerators
Simplified analyses in the previous subsections show that the power consumptions of the alloptical and OEO DQPSK regenerators are comparable. The consumed energy by the regenerators is estimated to be 30 ∼ 40 pJ/bit if existing technologies are used. When pulse carvers are additionally used for the RZ pulse shaping, a little more energy will be needed. For lowering the consumed energy further, use of novel technologies will be required. Highly confined nano-scale optical nonlinear devices [29] together with highly efficient optical amplifiers will significantly reduce the energy consumption of all-optical regenerators. For lowering the consumed energy by the OEO regenerators, development of low-voltage optical modulators by optimizing the device structure and by using efficient electro-optical materials [30] - [32] will be essential. Such modulators will ease the power handling requirements to the RF amplifiers or will even dispense with the driver amplifiers, which greatly reduces the power consumption. Shortening as much as possible or even eliminating electrical wiring by hybrid or monolithic integration of constituent devices will be important for low-power and high-speed OEO signal processing.
Conclusion
We demonstrated a simple opto-electronic regenerator for DQPSK signals. Strong reshaping with improvement of receiver sensitivity up to about 8 dB subject to the input OSNR is observed at a speed of 10 Gbaud.
Numerical simulations studying reshaping and improvement of SER by the regenerator with varying bandwidth of the electrical circuits inside it were performed. Using a model of ASEimpaired links between regenerators, we found that the regenerators can more than double the transmission distance with the electrical bandwidth of 75% of the baud rate for an OSNR in a regenerator span of 20 dB at a signal speed of 56 Gbaud. More practical WDM simulation that considers nonlinearity of the transmission fiber was also carried out. The results indicate that the OEO regenerator can mitigate signal degradation caused by the intra-and inter-channel nonlinearity.
The issue of power consumption of the regenerator was also discussed. The OEO regenerator consumes similar amount of electrical power to that consumed by the all-optical version of the incoherent DQPSK regenerator using SOAs. Further reduction of power consumption of the OEO regenerator will require the development of low-voltage modulators that reduces the power requirements of the electrical amplifiers.
Although the phase data pattern is altered each time the signals are regenerated, this regenerator can be used both for DQPSK and coherent QPSK transmission systems.
